The flightless beetle Merizodus soledadinus, originating from the Falkland Islands, was introduced to the sub-Antarctic Kerguelen Islands. We compiled the existing information on ship visits and landings on these islands to confirm the introduction date of M. soledadinus. Using data available in the literature, in addition to collecting more than 2000 presence/absence records of M. soledadinus over the 1991-2018 period, we tracked changes of its abundance and geographical distribution. The range expansion of this nonflying insect was initially slow, but has accelerated over the past two decades in parallel to local increased abundances of the insect's populations. Human activities may have facilitated colonization of some localities by M. soledadinus which is now widely present in the eastern part of the Kerguelen archipelago. This predatory insect represents a major threat for the native invertebrate fauna; in particular, the wingless flies Anatalanta aptera and Calycopteryx moseleyi which are locally displaced and/or eliminated by the beetle. If no control measures, let alone eradication, are practicable, it is essential to limit the transport of this invasive insect along with human activities. Since 2006, the Kerguelen Islands have had the status of a nature reserve, making these results of significant interests for the management of this archipelago, and more generally, emphasizing the importance of long-term biomonitoring programmes for assessing and predicting changes in the distribution of invasive organisms. Strict biosecurity measures have now been established at the Kerguelen Islands, with even greater attention paid to visits to remote sites not yet colonized by M. soledadinus.
Introduction
The contribution of anthropogenic activities to biological invasions escalated rapidly over the past decades so that the introduction and spread of non-native organisms have become a global and growing ecological and conservation theme (Parker et al., 1999; Levine and D'Antonio, 2003; Gurevitch and Padilla, 2004) . Biological invasions, hereafter referring to the proliferation and impacts of nonnative populations introduced through human activities can briefly be sequenced into a six-step continuum: (1) sampling of the specimens in their native geographical area, (2) transport, (3) introduction, (4) establishment, i.e. specimens successfully achieve their life cycles, (5) proliferation at the introduction site(s) and (6) spread, i.e. geographic expansion (Blackburn et al., 2011; Chabrerie et al. 2019; Simberloff and Rejmanek, 2011) . The last two steps of the aforementioned invasion process are now well documented for a range of taxa with for instance studies examining how and why alien individuals have breached the environmental barriers to spread (Thuillier et al., 2006 (Thuillier et al., , 2012  and reviewed by Renault et al., 2018 for insects and arachnids) in parallel to works assessing the level of invasiveness of the organisms or invasibility of (micro)habitats (Alpert et al., 2000; David et al., 2017; Hui et al., 2016) . Meanwhile, empirical studies that document the early stages of an invasion process are still scarce (Kolar and Lodge, 2001; Jeschke and Strayer, 2005) .
In most cases of inadvertent introductions, historical information is not available, and nonnative organisms are only first observed when their population densities strongly grow up (Costello and Sollow, 2003; Crooks, 2005) and/or when these specimens start to have economic impacts. This is particularly true for under sampled habitats or cryptic organism populations such as those of many invertebrates because of their small size. Obviously, the 'early stage subdetectability' can be of considerable importance for authors considering lag effects during invasions (Carey, 1996; Crooks, 2005) . There are a few cases where the arrival of alien invertebrates has been detected and monitored, including the invasion process of the ladybird Harmonia axyridis (Coleoptera: Coccinellidae) and of the wasp Vespula velutina (e.g. Roy and Wajnberg, 2008; Perrard et al., 2009 ). However, the multiple introduction sites, the multiple introduction events at a single site (Brown et al., 2011) , the invasive bridgehead effect (Lombaert et al., 2010) , and the overdeveloped anthropogenic activity represent confounding factors that most often prohibit examining the biological and environmental drivers of each step of invasion as separate entities. Importantly, after reading the existing literature, we found no case study of insect invasion that simultaneously documented the four following points: (i) initial site of introduction, (ii) geographical origin of the alien specimens, (iii) way and date of introduction, and (iv) natural spread of the alien species within the area of introduction.
Given the difficulty monitoring the movements of organisms across large geographical areas, estimates of the missing pieces of information -including dispersal rates, geographical distributions, and, more recently, sources of invasion (geographic profiling) -are frequently obtained and mapped using an array of mathematical models (Barbet-Massin et al., 2018; Lustig et al., 2017; Sofaer et al., 2019; Stevenson et al., 2012) , and mapping tools are becoming more and more sophisticated Lefcheck 2016) . The reliability of these models can be significantly increased when they are calibrated with field observations of the spatial and temporal dynamics of invasion. In particular, presence-absence occurrences over spatio-temporal scales can significantly improve the robustness of models forecasting the expansion of non-native organisms (Schliep et al., 2018) . Yet, long-term observations reporting the fine-scale spatial distribution of non-native populations are, to date, rare. When implemented, these records should also consider the use of standard metrics to quantify the invasion level to better forecast invasibility of other habitats/ecosystems and construct efficient invasion indexes to assist managers (Catford et al., 2012) .
Several reasons make oceanic islands valuable candidates to conduct invasion ecology studies. These may include inter alia, their geographical isolation that limits the influxes of populations from the continents, and their limited terrestrial areas that enable the geographical survey of non-native organisms. Among these oceanic islands, those located in the Southern Ocean are of particular interest especially because numerous multidisciplinary scientific research studies have been carried out over the past decades. On several of these islands, the description and distribution of non-native flora and fauna are documented (see reviews by Frenot et al., 2005; Lebouvier et al. 2011; Hullé et al., 2018) while introduction events are unequally reported (Convey et al., 2011) . The absence of extensive anthropogenic activities (no urbanization, industry, agriculture or large environmental pollutions) make sub-Antarctic islands fruitful model systems for invasion science. For instance, several insect species have been introduced and subsequently spread to the Kerguelen Islands (Schermann-Legionnet et al., 2007; Lebouvier et al., 2011) including the carabid beetle Merizodus soledadinus (Coleoptera: Carabidae). This insect was introduced to a single site on the Kerguelen Islands (Jeannel, 1940) , and by using data available in the existing literature and observations from a general monitoring of invertebrates on the Kerguelen Islands over several decades, it is possible to track changes of its abundance and geographical distribution. The predatory nature of this non-native insect represents a major threat for the native invertebrate fauna from the Kerguelen Islands. In particular, the wingless native flies, Anatalanta aptera (Diptera: Sphaeroceridae) and Calycopteryx moseleyi (Diptera: Micropezidae), which have very few native predators/competitors (e.g. the rove beetle Antarctophytosus atriceps, the spiders Myro kerguelensis and Neomaso antarcticus), disappeared in some sites colonized by M. Soledadinus (Chevrier et al., 1997; Lebouvier et al., 2011) .
In the present study, we compiled the existing information on ship visits and landings on the Kerguelen Islands to confirm the introduction date of M. soledadinus. Then, a 105-year time series of the spreading process of M. soledadinus is reported, starting from its introduction to present day. The relative abundance, seasonal phenology of this ground beetle, and its impact on two native species from the Kerguelen Islands, the wingless flies A. aptera and C. moseleyi, are also reported.
Such a long-term data set is rare and very useful in the field of biological invasions, but our results are also valuable in terms of management. Since 2006, the Kerguelen Islands have had the status of a nature reserve. The manager of this reserve is directly interested in information on the distribution and dispersion of the invasive beetle for the implementation of biosecurity measures, particularly when travelling to areas not yet colonized by M. soledadinus.
Material and methods

Study area
The present study was conducted on the Kerguelen Islands (48°30'-50°S, 68°27'-70°35'E), a sub-Antarctic archipelago located in the Southern Indian Ocean more than 3500 km away from the African and Australian coasts. This wide archipelago (7200 km²) consists of a main island (6500 km²), ten or so small islands (1-200 km²), and numerous islets. The highest point is Mont Ross (1850 m), and an ice cap (Glacier Cook) is present in the western sector ( Fig. 1 ). There is no permanent population, but the research station (Port-aux-Français), established in 1950, hosts 50-100 persons all year round. Gravel roads are restricted to the vicinity of the research station, and human activities, i.e. research, logistics and -at very low level-tourism, mainly concern the eastern sector of the archipelago (Péninsule Courbet, Golfe du Morbihan, Péninsule Jeanne d'Arc). Visits to more remote sites are limited because they involve the use of vessels or helicopters that are not permanently available. In 2006, these islands were given the status of Nature Reserve, the highest protection available under French law, and some wilderness areas were classified as "strict nature reserve" where human access, use, and impacts are strictly controlled and limited.
Biological models
Merizodus soledadinus Guérin-Méneville 1830 (Coleoptera, Carabidae) is a flightless carabid beetle which originates from southern South America (Patagonia) and the Falkland Islands (Darlington, 1970; Johns, 1974; Robinson, 1984; Niemelä, 1990; Casagranda et al. 2009 ). It was described (as Trechus soledadinus) by Guérin-Méneville, from the Falkland Islands (Soledad Bay), in 1830. Later, Enderlein (1912) also reported the insect from the Falkland Islands as Dormeyeria soledadina. In 1940, Jeannel named the species M. soledadinus which turned to Oopterus soledadinus by Johns (1974) . But Lalouette (2009) has restored M. soledadinus, a denomination further confirmed by Voisin et al., (2017) . Merizodus soledadinus has been accidentally introduced to the Kerguelen Islands (first record in 1939, Jeannel, 1940) and to South Georgia, 54°S (first record in 1963, Darlington, 1970) . Adults were described as being active at night (Ottesen, 1990) and found during the day beneath stones and kelp belts (Ernsting, 1993; Renault et al., 2015) .
Anatalanta aptera Eaton 1875 (Diptera, Sphaeroceridae) is a sub-Antarctic wingless fly that is found on the Crozet, Kerguelen, Heard and McDonald Islands. On the Kerguelen Islands, this species is present from sea level to more than 600m a.s.l. and is active all year round. Larvae and adults are saprophagous and feed on decayed organic matter. Anatalanta aptera is abundant in many habitats, especially in seabird colonies, under carrions and on coastal areas enriched by seaweeds (Vernon, 1981; Chevrier et al., 1997) .
Calycopteryx moseleyi Eaton 1875 (Diptera, Micropezidae) is a sub-Antarctic wingless fly that is found on the Kerguelen, Heard and McDonald Islands. Its larvae feed preferentially on the Kerguelen cabbage Pringlea antiscorbutica, but can also frequently be found under decaying seaweeds along the seashore and on decayed organic matter in penguin rookeries (Tréhen et al., 1987) .
Spatio-temporal monitoring of the distribution and abundance
Date of introduction and spread
Within the existing literature, the supposed introduction date of M. Soledadinus to the Kerguelen Islands varies from 1800 (Jeannel, 1940) to 1913 (Chevrier et al., 1997) or to 1927 (Jeannel, 1962) . We first reviewed the available literature to clarify the introduction route and date of this insect and its subsequent geographical distribution throughout the Kerguelen Islands (Jeannel, 1940 (Jeannel, , 1964 Tréhen and Voisin, 1984; Briot, 1990 , Dreux et al., 1992 Chevrier, 1996; Arnaud and Beurois, 1996; Delépine 2002) . Then, to assess the changes in the geographic distribution of the beetle, we analyzed more than 2000 presence/absence records of M. soledadinus collected over the 1991-2018 period. The records were projected in a grid cell of 1km for the drawing of the distribution maps of the insects.
Quantifying the invasion level of Merizodus soledadinus
Since 2005, a systematic survey of the geographical distribution and abundance of M. soledadinus has been carried out, mostly along the coastline where this alien insect was confined in the early stages of its introduction and spread throughout the Kerguelen archipelago (Chevrier et al., 1997) . For each prospected site, we noted the GPS coordinates of the record and the occurrence (presence/absence, index of abundance) of M. soledadinus and of the two wingless native flies. The nature of microhabitats hosting the three insect species was also recorded: stranded seaweed, stones, carrions, and leaves of the Kerguelen cabbage. Inland sites were also prospected by conducting observations on transects perpendicular to the shoreline and on altitudinal transects. To refine M. soledadinus distribution limits at the edge of colonized areas, observations were done ca. every 100 meters on flat transects and ca. every 20m in elevation for altitudinal transects. Observations were stopped when no M. soledadinus were observed at two consecutive observation points. Preliminary tests showed that a 10-min search by one person was appropriate to detect the presence and estimate the abundances of the three insect species, even in the case of low abundance levels. A semi-quantitative index was designed according to the number of adults found during the 10-min search: (0) absence, (1) low abundance, 1-30 adults, (2) medium abundance, 31-100 adults, and (3) high abundance, more than 100 adults.
Seasonal phenology and assessment of the ecological impact of the predatory carabid beetle on native entomofauna
To specify the seasonal activity and abundance of M. soledadinus, A. aptera and C. moseleyi, we used data from a multi-year invertebrate monitoring program conducted at several sites on the Kerguelen Islands using pitfall traps and yellow traps.
Using the abundance index recorded during the geographical survey conducted from December 2004 to March 2006, a first assessment of the ecological impact of M. soledadinus on the two native flies A. aptera and C. moseleyi was conducted and took into account the period of activity of these three insect species. We focused on the four following binomial comparisons: (i) M. soledadinus vs. A. aptera: seashore, under seaweeds, stones... (338 records), (ii) M. soledadinus vs. A. aptera: inland, i.e. at more than 50m from the seashore, under stones and carrions (379 records), (iii) M. soledadinus vs. A. aptera: under carrions, along the seashore and inland (155 records), (iv) M. soledadinus vs. C. moseleyi: seashore, under seaweeds and stones (177 records).
Statistical analyses
GIS tools (ArcGIS 10.4, Esri) were used to map the changes in the geographical distribution of M. soledadinus over time. The frequency distribution of the abundances of M. soledadinus, A. aptera, and C. moseleyi were represented in contingency tables which represent marginal (sum of each column, sum of each line) and grand (total number of individuals) totals. Expected frequencies were first computed from the totals assuming that there were no relationships among cells which would result in similar values between expected and observed frequencies. To assess differences among proportions, Chi-square tests were conducted (whenever classes with low frequencies occurred, frequencies from adjacent classes were pooled) as well as Fisher's exact test (when classes pooling resulted in a 2x2 table). The analyses were conducted with Minitab 13 (Minitab Inc., StateCollege, PA.).
Results
Spatio-temporal monitoring of the geographical distribution of Merizodus soledadinus
Merizodus soledadinus was first observed on the Kerguelen Islands in February 1939 by Jeannel (1940) who then actively searched for this insect in various locations within the archipelago. Jeannel reported the presence of M. soledadinus (more than one thousand individuals) only in the surroundings of the remnant farm buildings of Port-Couvreux (Fig. 2) . He concluded that the restricted geographical range of M. soledadinus attested to a recent introduction. He first hypothesized the activities of American sealers as the introduction source of M. soledadinus (the ship 'Hillsborough' landed at Port-Couvreux in 1799). However, he later revised his statement and estimated that M. soledadinus would have been found in a larger area of the Kerguelen Islands if introduced around 1800 (Jeannel, 1964) . Thus, he then proposed that M. soledadinus individuals were introduced to the Kerguelen Islands when the buildings (piggery, sheepfold) of Port-Couvreux were enlarged in 1927-1928 (Delépine, 2002) . Yet, this assumption can be refuted, as the attempt to start sheep farming in 1927 was conducted with animals loaded during a call in Durban (South Africa) by the ship 'Lozère' conveying material from Le Havre (France) to the Kerguelen Islands. Arnaud and Beurois (1996) listed all of the ship landings that occurred at Port-Couvreux, and from this list, we identified the 'Jacques', a vessel belonging to René Bossière, as the most serious source of the introduction of M. soledadinus. The ship left Swansea (Wales) in February 1913, sailed (via Montevideo, Uruguay) to the Falkland Islands where it stayed about one month and loaded equipment and ca. 1600 sheep. Tussock grass was used as fodder to feed sheep during their transport to the Kerguelen Islands and most probably contained specimens of M. soledadinus. In August 1913, the 'Jacques' arrived at Port-Couvreux where the 1150 surviving sheep were unloaded (Arnaud and Beurois, 1996) . An additional argument in favour of the introduction of M. soledadinus via the unloading of sheep is the presence at Port-Couvreux (and to date nowhere else on the Kerguelen Islands) of Trisetum spicatum (L.) K. Richt., a grass species from cold regions of the Northern and Southern hemispheres which is also present on the Falkland Islands (Frenot et al., 2001) .
The flightless carabid beetle has long remained restricted to the vicinity of its initial introduction site at Port-Couvreux (Jeannel, 1940) . Then, it gradually colonized coastal habitats along the northeast coast of the Péninsule Courbet (Fig. 2) up to the Baie des Cascades in 1983 (Dreux et al., 1992) . In the early 1990s (Chevrier, 1996) , M. soledadinus expanded further on the Péninsule Courbet and reached Cap Cotter (Fig. 3) . It also colonized an island in front of Port-Couvreux (Ile du Port), new locations remote from its original point of introduction (Port-Phonolite and Port-Jeanne d'Arc, an ancient whaling station where scientists, but also tourists, regularly landed), and one island of the the Golfe du Morbihan (Ile Haute) (Fig. 3) . Subsequently, the colonization process accelerated considerably, as shown by the surveys conducted between 2005 and 2007 ( Fig. 4) . Numerous sites far from Port-Couvreux were colonized. In some instances, it has been possible to have accurate estimates of the date of establishment of populations of M. soledadinus through regular trapping sessions set up in the mid-1990s for long-term monitoring of invertebrates. At the research station (Port-aux-Français), the first collections of M. soledadinus occurred in June 2000, and they became very regular from 2002 onwards. In the Golfe du Morbihan, the carabid beetle was trapped for the first time in 1997 on Ile Guillou and in 2002 on Ile aux Cochons. In 2007, the insect had invaded almost the entire coastline around the Golfe du Morbihan and many islands in this bay, including islets that have rarely been visited. Specimens of M. soledadinus were also reported from several additional sites: Port Fleuriais (north of Port-Couvreux) and, on the east coast, in the vicinity of an isolated hut (Estacade). Of note, M. soledadinus was recorded inland in the vegetation along rivers (e.g. Gave de l'Azorella) but also on fell-field in altitude (Plateau du Larzac, in 2005, at 290 m asl; Plateau Central, in 2006 , five records between 278 and 358 m asl). In 2018 (Fig. 5) , the distribution of the insect significantly widened in the interior of the Péninsule Courbet particularly in the valley between Port-aux-Français and Port Elizabeth. On the east coast, M. soledadinus colonized the entire Baie Norvégienne and has now been recorded between Estacade and Cap Digby. In the Golfe du Morbihan it was present on all prospected islands and islets. To date, no M. soledadinus have been observed in the western part of the Kerguelen Islands (Massif Gallieni, Péninsule Loranchet and Péninsule Rallier du Baty).
An abundance index of M. soledadinus was determined for each of the 1164 locations where the species was recorded between 2005 and 2018 (low abundance, n=680; medium abundance, n=265; high abundance, n=219). The carabid beetle is particularly abundant in the vicinity of Port-aux-Français, on Presqu'île du Prince de Galles, and in between Cap Cotter and Cap Digby. It is interesting to note that high abundances of M. soledadinus have been observed throughout the colonized area, on the coast, on the islands, and sometimes inland, both for areas colonized for several decades and for areas recently colonized. So the species can quickly become abundant after colonization. This is also illustrated by the results of monthly trapping that started in 2005 on both sides of Isthme Bas: the number of captured adult M. soledadinus on the eastern coast, colonized in 2011, rapidly reached similar levels as those recorded from the west coastcolonized between 2000 and 2005 ( Fig. 6) .
Impact of Merizodus soledadinus on the native fly Anatalanta aptera
During the period of this study, from December 2004 to March 2006, specimens of M. soledadinus and A. aptera exhibited continuous activity, yet it highly decreased in winter (Fig. 7a, b) . Less than 10% of the abundance index taken into account for this analysis (n=862) were recorded in July and August.
The abundance of A. aptera (Table 1) was not independent from the abundance of M. soledadinus along the seashore (n=338), inland (n=379) or under carrions (n=155): A. aptera was more often present and abundant than expected when M. soledadinus was absent, and, conversely, the fly was more often than expected absent or at low abundance when M. soledadinus was present.
Impact of Merizodus soledadinus on the native fly Calycopteryx moseleyi
Adults of C. moseleyi were only trapped from January to March 2005 (Fig. 7c) . The abundance index of M. soledadinus and C. moseleyi taken into account for this analysis were recorded during this period (n=177). The abundances recorded for the two species (Table 2) were not independent (Chi-2= 36.007, p < 0.001). Numbers of M. soledadinus negatively affect the abundance of adult C. moseleyi: when the ground beetle was present within the habitat, C. moseleyi was more often absent (0) and less often abundant (abundance index 2 or 3) than predicted.
Additional information on the impact of M. soledadinus on A. aptera and C. moseleyi was provided by trapping results from a coastal site on Ile Guillou (three pitfall traps opened monthly during five days from January 1994 to July 2003 and then from March 2006 to November 2007). Both flies were present at this site at the arrival of M. soledadinus (first trapped in July 1998 on this island). The ground beetle was then regularly trapped until 2003 (between 0.1 and 0.7 individual per trap per day in 13 of the 54 trapping sessions). At the same time, a decrease of the captures of A. aptera and C. moseleyi was recorded (Fig. 8) . When trapping was resumed in 2006, M. soledadinus was caught at every trapping session and its abundance was much higher (1 to 11 individuals per trap per day with a maximum value of 46 in December 2006). At the same time the number of A. aptera caught was very low and no more C. moseleyi was trapped.
Discussion
Geographical spread of non-native organisms represent a hot topic in invasion science and a significant component of the management procedures that can be adopted to mitigate alien-related problems (Hulme et al., 2008) . Most often, human-assisted spread of non-native organims can result in multiple introduction points. As a result, the large spatial scales that must be covered impede in-field monitoring of non-native species distribution and abundance (Veldtman et al., 2010) . Even if our understanding of range expansion can be implemented through empirical and modeling analyses, the accuracy of these estimates can be significantly improved by incorporating real space-time distribution data (Kadoya et al., 2009 ).
In the present work, we took advantage of the non-intentionally introduced carabid beetle M. soledadinus on the Kerguelen Islands to report a unique space-time in-field monitoring of the geographical spread of a non-native insect. After its initial introduction in 1913 at Port-Couvreux, the insect proliferated on this site over several years, at least until 1939, when Jeannel (1940) actively searched for its presence. Regarding the subsequent expansion of the distribution of M. soledadinus in this archipelago, we suggest that Allee effect, which refers to any process whereby any component of individual fitness is correlated with population size (Allee, 1931) , could be one explanation for this observed lag phase at the initial stage of the invasion process on the Kerguelen Islands (also see the review of Chabrerie et al., 2019 which lists the different concepts explaining invasion dynamics). With an Allee effect, the introduced species increases very slowly at first, until it builds up a large enough population size at which point there may be a rapid escalation of spread (see Taylor and Hastings, 2005 for a review). Subsequently, from the 1970s onwards, the increase in average temperatures likely accentuated the phenomenon (Lebouvier et al., 2011) .
1983, the start of in-field monitoring of the non-human assisted geographical spread of M. soledadinus on the Kerguelen Islands
Farming (and human presence) stopped in 1932 at Port Couvreux. There was nearly no human presence on the Kerguelen Islands until the early 1950s, when the research station Port-aux-Français was established. In the 50s and 60s, human activities were mainly restricted to the surroundings of the station and the islands of the Golfe du Morbihan. As a result, individuals of M. soledadinus spread over the Kerguelen Islands without any human assistance, at least until they reached Port-aux-Français during the 1995-1996 period. In 1983, specimens of M. soledadinus were sampled at Anse Sablonneuse, 25 km away from Port-Couvreux by terrestrial means but far closer if we are considering the distance as the crow flies. The observed distribution of M. soledadinus on this date (Fig. 2) strongly suggests that some imagoes directly crossed the inlet as the coastal distribution of the species in between this site and the founder population is very scarce. Consistently, experimental data has revealed that M. soledadinus can survive flotation and exposures to saline conditions with half of the carabid beetles surviving flotation on seawater for ca. seven days (Renault, 2011; Hidalgo et al., 2013) .
Large riversor rocky places without any coastal vegetation (e.g. cliffs) appeared to locally and temporarily reduce the spreading process of M. soledadinus. Conversely, dispersion can be fast along the seashore; assuming that flightless M. soledadinus invaded the south coast of Péninsule Courbet from the research station Port-aux-Français from 1996 onwards, the dispersal rate was estimated at 1.7 and 2.4 km / year eastward and westward, respectively. The comparison of the 1983 and 1995 observations on the north coast of Péninsule Courbet makes it possible to estimate this speed at 1.7 km/year. While Chevrier (1996) found a slightly higher dispersal speed of ca. 3.0 km / year on Ile Haute, the estimated dispersal rate of M. soledadinus was far lower in South Georgia (0.1 km / year, Brandjes et al., 1999) probably in connection with lower average temperatures on this island. Comparatively, the dispersal speed of a macropterous ground beetle -Trechus obtusus (body length: 3.2 -4.3 mm) -was 3.0 km / year in Hawaii (Kavanaugh and Erwin, 1985; Liebherr and Takumi, 2002) .
Mid-1990s, the arrival of M. soledadinus at the scientific research station Port-aux-Français
The arrival of M. soledadinus at Port-aux-Français (first observed in 1995) marked a significant milestone in the insect's colonization of the archipelago in the sense that its displacement was subsequently assisted by human, as, for example, at Estacade. Estacade shelter has long been used for scientific purposes (monitoring of penguin populations) but also for tourists who overnighted at this location when visiting the penguin colonies. In 2005, the closest established populations of M. soledadinus were found at Cap Digby and at Port-aux-Français, more than 20 km far away from Estacade. The Estacade colonization likely resulted from the accidental transport of few individuals of M. soledadinus that were carried with food and material transported from Port-aux-Français. Similarly, the introduction of M. soledadinus to Port-Jeanne d'Arc, Port Phonolite (1991) (1992) (1993) (1994) and Ile Guillou (1997) were most probably assisted by human activities.
Several islands of the Golfe du Morbihan, rarely visited, may have been colonized by specimens of M. soledadinus by flotation on algae (Renault, 2011; Hidalgo et al., 2013) and even through ornithochory. Kerguelen shags Phalacrocorax verrucosus use seawrecks that they sometimes bring from one island to another to build their nests. In addition, we found carrions and skulls of rabbits Oryctolagus cuniculus on the North-West coast of Ile Australia, whereas rabbit populations are absent. Carrions typically host M. soledadinus individuals which prey fly larvae (Renault et al. 2015) ; the transport and consumption of carrions by scavenging birds (i.e. skuas Stercorarius antarcticus lonnbergi and giant petrels Macronestes giganteus) thus represents another dissemination possibility of the insect.
During our survey (from December 2004 to March 2006), index 3 (> 100 individuals during a 10 min active search) and 2 (31-100 individuals) have been attributed 38 and 151 times respectively. On the west coast of Isthme Bas, we counted more than 150 individuals under a single stone (around 200 cm 2 ). According to Chevrier (pers. comm.) such high abundances were never observed in the mid-1990s. Very high abundances (> 200 individuals during a 10 min active search) were recorded in 2013 at sites where M. soledadinus were moderately abundant (index 2, between Cap Cotter and Cap Digby, Port-aux-Français) or absent (east coast of Isthme Bas) in 2005-2006. Abundances of M. soledadinus at Kerguelen Islands are much higher than those reported from South Georgia (maximum = 156 collected per hour, Brandjes et al., 1999) whereas it is now very easy to catch 4000 to 5000 specimens per hour in the surroundings of Port-aux-Français). Even though populations of M. soledadinus exhibit good abilities to cope with thermal stress (Engell Dahl et al. 2019, in press) , the harsher climatic conditions encountered by the insect in South Georgia as compared with the Kerguelen Islands may reduce the speed of its geographic expansion. Mean annual temperature on King Edward Point during the period 1951-1980 was 2.0 °C and snow cover was more or less permanent from May to October in the coastal area (Ernsting 1993) . Comparatively, the mean annual temperature is 4.4 °C at Port aux Français, and despite regular snowfalls (circa 15 days per month from June to August, Meteo France source), no permanent snow cover was observed over 1951-1980 at this site. Rising air temperature that occurred during winter months in the early 1990s may have amplified the spreading rate of M. soledadinus at Iles Kerguelen (Lebouvier et al., 2011) , including at moderate altitudes (Lalouette et al., 2012; Laparie and Renault, 2016; Ouisse et al. 2019 ). The highest observation in the mid-1990s was 110m a.s.l. (Chevrier et al., 1997) and up to 358 m a.s.l. in 2005. In comparison, the highest observation inSouth Georgia was 275 m a.s.l. in 2009 (Convey et al., 2011) . It should also be noted that in South Georgia glaciers can constitute impassable obstacles to dispersion.
Ecological impacts of the alien predatory M. soledadinus on native entomofauna
The invasion process of the predaceous ground beetle M. soledadinus strongly affects the native entomofauna even in the most recent colonised sites where specimens of M. soledadinus quickly became dominant. The native flies A. aptera and C. moseleyi seem to have totally disappeared in several locations colonised by M. soledadinus (Chevrier et al., 1997; Lebouvier et al., 2011, this study) . When visiting Port-Couvreux in 2006, we found only a few specimens of A. aptera under seawrecks (one spot), down a small cliff at sea level (one spot) and under rabbit carrions (one spot at sea level and another at 288m a.s.l.). Furthermore, C. moseleyi appears to be more sensitive to M. soledadinus than A. aptera along seashore. Merizodus soledadinus, year-round active at the Kerguelen Islands (Ouisse et al. 2017) , acts as a new ecological pressure which could now remove C. moseleyi from a secondary niche. Indeed, algae represent a secondary trophic niche for C. moseleyi whose primary resources are the Kerguelen cabbages (Tréhen et al., 1987) which almost disappeared from most locations invaded by rabbits (Chapuis et al., 1991) . Further studies are underway to determine diet composition of M. soledadinus in habitats where both A. aptera and C. moseleyi locally became extinct.
Interactions of M. soledadinus are likely to occur with the three native arthropod predators: the rove beetle Antarctophytosus atriceps and the spiders Myro kerguelensis and Neomaso antarcticus. Direct predation may also occur; last-instar larvae and imagoes of M. soledadinus may eat small spiders and adults of M. kerguelensis could feed on larvae of the ground beetle. In South Georgia (Ernsting, 1993) , 217 Trechisibus antarcticus and 68 spiders were found in one litter sample, all of them much smaller. Those spiders may well prey on springtails and be preyed upon by the carabid (Ernsting, 1993) .
Although discreet at the first look as compared with the huge visible effect of the rabbit on plant communities with the significantly altered vegetation cover in the areas it colonized in the Kerguelen Islands (Chapuis et al., 1994) , the impact of M. soledadinus on terrestrial ecosystems is potentially considerable. Despite its inability to fly, the distribution of the alien beetle in the archipelago is clearly expanding, and our results show that human activities may have contributed to this dispersion. If no control measures, let alone eradication, are practicable, it is essential to limit the transport of this invasive insect by human activities. This is why strict biosecurity measures (cleaning of clothing, shoes, equipment, and freight) have been put in place by the manager of the nature reserve for all travel on the Kerguelen Islands with even greater attention paid to visits to remote sites not yet colonized by M. soledadinus.
Table 1
Frequency distribution of the abundances of adult Anatalanta aptera and Merizodus soledadinus in three habitats. Code for abundances according to the number of adults found during a 10 min active search: 0 = absent; 1 = low abundance, 1-30 adults; 2 = medium abundance, 31-100 adults; 3 = high abundance, more than 100 adults. Expected frequencies in italics. Observations on the distribution of Merizodus soledadinus on the Kerguelen Islands in 1983 (after Dreux et al., 1992) . Observations are plotted on a one kilometer grid; red square = presence, black square = absence. Fig. 3 . Observations on the distribution of Merizodus soledadinus on the Kerguelen Islands between 1991 and 1995 (after Chevrier, 1996 . Observations are plotted on a one kilometer grid; red square = presence, black square = absence. 1991 and 1995 (after Chevrier, 1996 . Observations are plotted on a one kilometer grid; red square = presence, black square = absence. 
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